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ABSTRACT
Polarization is a powerful diagnostic tool to constrain the site of the high-energy pulsed emis-
sion and particle acceleration in gamma-ray pulsars. Recent particle-in-cell simulations of
pulsar magnetosphere suggest that high-energy emission results from particles accelerated in
the equatorial current sheet emitting synchrotron radiation. In this study, we re-examine the
simulation data to compute the phase-resolved polarization properties. We find that the emis-
sion is mildly polarized and that there is an anticorrelation between the flux and the degree of
linear polarization (on-pulse: ∼ 15%, off-pulse: ∼ 30%). The decrease of polarization during
pulses is mainly attributed to the formation of caustics in the current sheet. Each pulse of light
is systematically accompanied by a rapid swing of the polarization angle due to the change
of the magnetic polarity when the line of sight passes through the current sheet. The optical
polarization pattern observed in the Crab can be well-reproduced for a pulsar inclination an-
gle ∼ 60o and an observer viewing angle ∼ 130o. The predicted high-energy polarization is a
robust feature of the current sheet emitting scenario which can be tested by future X-ray and
gamma-ray polarimetry instruments.
Key words: – pulsars: general – polarization – radiation mechanisms: non-thermal – accel-
eration of particles – magnetic reconnection – methods: numerical.
1 INTRODUCTION
Gamma-ray observations show that pulsars are efficient particle ac-
celerators (Abdo et al. 2010b, 2013). In principle, the exact loca-
tion of the accelerating regions can be constrained from the spectral
and temporal properties of the gamma-ray emission. The detection
of high-energy gamma rays >GeV in most pulsars pushes the emit-
ting zone away from the polar caps of the star where they would be
otherwise absorbed by the magnetic field. The careful analysis of
lightcurve morphologies provides another independent constraint
which also favors the outer parts of the magnetosphere as the main
emitting regions (e.g., Bai & Spitkovsky 2010b,a; Romani & Wat-
ters 2010; Pierbattista et al. 2015). However, due to our poor knowl-
edge of the pulsar inclination and viewing angles, it turns out to be
rather difficult to disentangle between models.
In contrast, the expected polarization signature differs sig-
nificantly from one model to another (Dyks et al. 2004; Pe´tri &
Kirk 2005; Takata & Chang 2007; Takata et al. 2007; Pe´tri 2013)
because it is very sensitive to the electromagnetic geometry, and
hence to the location of the emitting zones. While the polarization
properties in radio (coherent emission) is well-documented (e.g.,
Petrova 2016), polarization measurements at higher energies (in-
coherent emission) exist for a few pulsars only (see Słowikowska
? E-mail: benoit.cerutti@univ-grenoble-alpes.fr
et al. 2009 for a review). The Crab pulsar presents the best mul-
tiwavelength coverage, from optical to soft gamma rays (Smith
et al. 1988; Słowikowska et al. 2009; Graham-Smith et al. 1996;
Weisskopf et al. 1978; Dean et al. 2008; Forot et al. 2008). Phase-
resolved optical and UV observations report a moderate degree of
polarization (PD ∼ 10%–30%) with significant swings of the polar-
ization angle for each pulse, which suggests a rapid change in the
field geometry.
The equatorial current sheet forming beyond the light cylin-
der is a natural place for both particle acceleration via magnetic
reconnection and sharp changes of the fields because this region
separates the two magnetic polarities (Coroniti 1990; Lyubarsky &
Kirk 2001; Pe´tri & Kirk 2005). This scenario is supported by global
particle-in-cell (PIC) simulations of plasma-filled magnetospheres
(Philippov & Spitkovsky 2014; Philippov et al. 2015b,a; Chen &
Beloborodov 2014; Cerutti et al. 2015, 2016; Belyaev 2015). These
studies show that ∼ 10–20% of the Poynting flux is efficiently dissi-
pated in the current sheet within 1–2 light-cylinder radii and chan-
nelled into non-thermal particles acceleration and synchrotron radi-
ation. Pulses of high-energy radiation naturally result from the pas-
sage of the current sheet across the observer’s line of sight (Cerutti
et al. 2016).
In this study, we model the high-energy phase-resolved polar-
ization signal expected in gamma-ray pulsars. In the next section,
we present the method to compute the Stokes parameters directly
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from the PIC simulations. We show a few representative cases as
well as a Crab-like configuration in Section 3. We briefly discuss
our results in Section 4.
2 METHODS
This study is based on the 3D global PIC simulations by Cerutti
et al. (2016) performed with the zeltron code (Cerutti et al. 2013),
from which we compute the polarization properties. The pulsar is
modelled as a rotating dipole whose magnetic moment (µ) is in-
clined at an angle χ with respect to the star angular velocity vec-
tor (Ω). The simulation box extends from the neutron star surface
rmin = r? up to rmax = 3RLC, where RLC = c/Ω = 3r? is the light-
cylinder radius. Self-consistent pair production is not considered in
this simulation. Instead, the magnetosphere is fed with low-energy
electron-positron pairs continuously injected at the surface of the
star. The plasma density is high compared with the local Goldreich-
Julian density (Goldreich & Julian 1969). Thus, the magnetosphere
is almost force-free everywhere, except in the equatorial current
sheet where magnetic reconnection accelerates particles. In addi-
tion to the Lorentz force, the particles are subjected to the radiation
reaction force to account for the strong curvature and synchrotron
cooling. Here, we focus on the high-energy particles only (i.e., with
a Lorentz factor γ > 10) which are responsible for the synchrotron
radiation emitted within the equatorial current sheet. For more de-
tails about the simulations, see Cerutti et al. (2016).
The modelling of polarization is done as follows. Each simu-
lation particle emits photons propagating along the particle direc-
tion of motion. The angular spread of the emission is neglected
which is a good approximation for ultrarelativistic particles. Once
emitted, the photons are not reabsorbed unless they are heading
towards the star in which case they are removed from the simula-
tion. Photons are then collected on a screen located at infinity as
a function of the viewing angle (α), the normalized pulsar phase1
(ΦP), and the frequency (ν) taking into account the time of flight
between the emitter and the observer, td. For a particle located in
(r, θ, φ) and emitting towards an observer located in the direction
eobs, then td = − (r · eobs) /c. The plane of the sky is perpendicular
to the direction of the observer. In this plane, we define two perpen-
dicular directions x′ and y′, in such a way that y′ is aligned with the
projection of the pulsar rotation axis on the sky. In the fixed Carte-
sian coordinates system (x, y, z) shown in Figure 1, the unit vectors
along x′ and y′ and the observer are
xˆ′ =
− sinωcosω
0
 , yˆ′ =
− cosα cosω− cosα sinω
sinα
 , eobs =
sinα cosωsinα sinω
cosα
 . (1)
To compute polarization, we measure the orientation of the vector
(see §17 in Landau & Lifshitz 1975)
B˜⊥ = E + β × B − (β · E)β (2)
at the particle position and projected on the plane of the sky, where
E and B are the electric and magnetic fields, and β = v/c is the
particle 3-velocity divided by the speed of light2. Then, the polar-
1 The plane containing µ and Ω defines the origin of phases.
2 If E = 0, one recovers the usual synchrotron case where only β × B is
projected on the sky.
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Figure 1. Geometry of the problem. A particle located in P(r, θ, φ) emits
synchrotron radiation boosted along its direction of motion (v) and along
the line of sight (eobs). The angle between the y′-axis and the vector B˜⊥ =
E + β × B − (β · E)β measured in P and projected on the plane of the sky
(B˜′⊥) is the angle of polarization PAi of the light emitted by the particle i.
ization angle of the light emitted by the particle i is given by
cos PAi =
B˜⊥ · yˆ′√(
B˜⊥ · xˆ′
)2
+
(
B˜⊥ · yˆ′
)2 (3)
sin PAi =
B˜⊥ · xˆ′√(
B˜⊥ · xˆ′
)2
+
(
B˜⊥ · yˆ′
)2 , (4)
where PAi is defined with respect to the y′-axis in the interval [0, pi]
(Figure 1).
The Stokes parameters can then be reconstructed by summing
over the contributions from all the particles pointing towards the
observer, Nobs, at a given pulsar phase (Ginzburg & Syrovatskii
1965)
I =
Nobs∑
i=1
wiF (ξi) , (5)
Q =
Nobs∑
i=1
wiG (ξi) cos (2PAi) , (6)
U =
Nobs∑
i=1
wiG (ξi) sin (2PAi) , (7)
where wi is the particle weight (i.e., the number of physical parti-
cles each PIC particle represents), cos (2PAi) = cos2 PAi − sin2 PAi,
sin (2PAi) = 2 sin PAi cos PAi, F(ξ) = ξ
∫ +∞
ξ
K5/3(ξ′)dξ′ andG(ξ) =
ξK2/3(ξ) are the usual functions associated with synchrotron radia-
tion. The parameter ξi = ν/νc is the radiation frequency divided by
the critical synchrotron frequency defined as
νc =
3e‖B˜⊥‖γ2
4pimec
, (8)
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where γ = 1/
√
1 − β2 is the particle Lorentz factor, e is the ele-
mentary electric charge and me is the electron mass. The last Stokes
parameter is negligible for ultrarelativistic particles, V ≈ 0, i.e., the
radiation is linearly polarized. The first Stokes parameter (I) is the
total intensity (polarized and unpolarized) of the light. The degree
of linear polarization is given by
PD =
√
Q2 + U2
I
. (9)
The total polarization angle (defined with respect to the y′-axis be-
tween 0 and pi) is obtained from
tan (2PA) =
U
Q
, (10)
so that
PA =
1
2
atan2 (U,Q) , if U > 0 (11)
PA = pi +
1
2
atan2 (U,Q) , if U < 0. (12)
3 RESULTS
We generate synthetic lightcurves and phase-resolved polarization
properties as function of the pulsar viewing angle and pulsar obliq-
uity. We smoothed the Stokes parameters using a Savitzky-Golay
filter to remove the short wavelength noise inherent to PIC simula-
tions (see Figure 10 in Cerutti et al. 2016 for the raw lightcurves).
Instead of an exhaustive presentation of the whole parameter space,
we have selected a few representative examples shown in Figure 2
that we discuss in details below.
The first case presented here is a Crab-like solution (top pan-
els). The observed lightcurve has two peaks separated by about
∆ΦP ≈ 0.4 in phase with some bridge emission in between (Abdo
et al. 2010a). The first peak is about three times brighter than the
second peak. The best solution to match all these properties is for
an inclination χ = 60o and a viewing angle α ≈ 130o. This solu-
tion is shown in the top panel of Figure 2, along with the Stokes
parameters Q and U. The degree of polarization is moderate, about
PD ≈ 20% on average. It presents significant variations with the
pulsar phase of ±10% but without obvious correlations with the
pulses. The angle of polarization PA swings significantly at each
pulse, i.e., after each passage across the current layer when the
magnetic polarity flips. We note that the phase-resolved PD and PA
curves shown here are very sensitive to any background polarized
component (e.g., coming from the nebula), while the variations of
Q and U are unaffected (it adds an offset).
The rapid changes of the polarization angle can be best visual-
ized in the vector diagram (Figure 2, right panel) where each loop
corresponds to a swing. In this plot, each dot represents a point at
the pulsar phase given by the colorbar. The distance from the origin
is I×PD, and the angle to the Q-axis is 2PA. Both loops are pointing
in the same quadrant (U < 0 and Q < 0 for both pulse maximum),
which is a key feature of this solution. Although not identical in
details, the calculated morphology of the vector diagram is similar
to the observed ones in optical and UV (Smith et al. 1988; Graham-
Smith et al. 1996; Słowikowska et al. 2009). The main difference is
that the two loops are slightly offset from each other while observa-
tions show that the small loop (second peak) is entirely contained
within the big loop (first peak).
The second case corresponds to a lightcurve with two bright
symmetric peaks separated by ∆ΦP ≈ 0.5 in phase for an inclina-
tion χ = 45o and viewing angle α = 90o (Figure 2, middle panels).
This solution is also characterized by large swings of the polar-
ization angle correlated with the pulses. In contrast to the Crab-
like solution, the loops in the vector diagram are oriented in oppo-
site directions. This configuration presents a mild correlation be-
tween the pulses and a dip in the degree of polarization (on-pulse:
PD∼ 5–10%, off-pulse: PD∼ 20–30%). The last case shown here is
a lightcurve with a single pulse at phase ΦP ∼ 0.7 for χ = 30o
and α = 45o (Figure 2, bottom panels). Here again, there is a
swing of PA associated with the pulse of light, although we note
a smooth change spread over all phases. The degree of polarization
is about 40% off-pulse with a dip at 20% close to the peak at phase
ΦP ≈ 0.75.
The correlation between high flux and low degree of polar-
ization is clearly seen in Figure 3. This figure shows the degree of
polarization averaged over the pulsar phase and viewing angle as
a function of the pulsar inclination. We have arbitrary defined the
on-pulse regions where the I > 0.1Imax (where Imax is the maximum
of each lightcurve), the rest being the off-pulse regions. On-pulse
regions are on average 10–20% polarized while the off-pulse is 20–
40% polarized, depending on the pulsar inclination.
4 DISCUSSION AND CONCLUSION
We report on the self-consistent modelling of phase-resolved po-
larization of the incoherent pulsed emission in gamma-ray pulsar.
The expected synchrotron radiation emitted by the equatorial cur-
rent sheet is mildly polarized at a ∼ 15% level on-pulse and ∼ 30%
off-pulse depending on the pulsar viewing angle and magnetic in-
clination. In most cases, there is a clear anticorrelation between the
total observed flux and the degree of polarization, as also noted
previously by Dyks et al. (2004) but in the context of the two-
pole caustic model. Although the emitting regions are different in
their model, the origin of the depolarization is similar here: it is due
to the formation of caustics in the observed emission pattern. The
lightcurve peaks are formed of photons emitted in different parts
of the current sheet, and hence with different magnetic geometries,
arriving in phase towards the observer (Cerutti et al. 2016). The re-
sulting signal is depolarized by the superposition of the different
components. This effect is particularly severe here because most
of the emission occurs within 1–2RLC where the orientation of the
field changes rapidly (from a poloidal- to toroidal-dominated struc-
ture). The small scale turbulence in the current sheet generated by
kinetic instabilities (tearing and kink modes, Philippov et al. 2015b;
Cerutti et al. 2016) may also contribute to depolarize the emission.
The other robust feature emerging from this study is the sudden
swing of the polarization angle (by almost 180o, i.e., visible as a
loop in the vector diagram) coincident with each pulse of light. The
swings can be interpreted as the change of magnetic polarity when
the observer’s line of sight crosses the current sheet (Pe´tri & Kirk
2005).
The calculated polarization signatures are qualitatively in
agreement with the phase-resolved optical data of the Crab pulsar
(Słowikowska et al. 2009), for a pulsar inclination angle χ ∼ 60o
and viewing angle α ∼ 130o consistent with the usual estimates
inferred from the X-ray morphology of the nebula (e.g., Weis-
skopf et al. 2012). This is the only solution which presents both
the correct lightcurve morphology and the correct polarization pat-
tern. However, there are differences in the phase-resolved PD and
PA curves between the model and observations that we attribute
c© 2016 RAS, MNRAS 000, 1–5
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Figure 2. Calculated polarization properties for a few representative solutions: χ = 60o α = 130o (Crab-like lightcurve, top panels), χ = 45o α = 90o
(symmetric double-peaked lightcurve, middle panels), χ = 30o α = 45o (single-peak lightcurve, bottom panels). Left panels show the Stokes parameters (I,
Q, U) normalized to the lightcurve maximum Imax, the degree of polarization (PD in percent) and the angle of polarization (PA in degrees). Right panels:
corresponding vector diagram U(Q). The color indicates the pulsar phase ΦP. The maximum of each pulse of light is shown by a magenta star. Note that
the PD and PA curves are sensitive to a background polarized component while the U(Q) diagram would just be offset from the origin. Note that the Stokes
parameters were smoothed with a Savitzky-Golay filter.
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Figure 3. On-pulse and off-pulse degree of polarization averaged over the
pulsar phase and viewing angle as a function of the pulsar obliquity. On-
pulse regions are defined where I > 0.1Imax for each lightcurve.
to a background polarized component that is difficult to subtract
(Słowikowska et al. 2009). We can recover a qualitative agree-
ment by adding a constant polarized emission at a few percent
level. The striking resemblance between the optical and gamma-
ray lightcurves as well as the spectral continuity between these
two bands in the Crab suggest a similar origin of the incoherent
radiation. The optical emission may be radiated by low-energy
pairs produced in the current sheet (Lyubarskii 1996). In addi-
tion, the close similarity between the optical and UV polarization
data from the Crab implies that the polarization properties is not
strongly frequency-dependent (Graham-Smith et al. 1996). Hence,
one might expect a similar polarized emission at even higher en-
ergies as suggested by our results. If our predictions are correct,
10–20% of gamma-ray polarization with the Fermi-LAT may be
detectable for the brightest pulsars like Vela (R. Buehler, private
communication). Future X-ray and gamma-ray missions dedicated
to polarimetry will provide valuable constraints and tests of the cur-
rent sheet emitting scenario.
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